Liquid phase deposition treatment (LPD) was applied to form a corrosion protective titanium dioxide (TiO 2 ) film on commercially available pure magnesium. Changing the solution pH, from acidic to highly alkaline, and with the addition of sucrose, it becomes possible to form a highly adhesive and thin TiO 2 film on commercially available pure magnesium without any heat treatment. The role of the sucrose may be attributed to the formation of tetrafluoroboric acid (BF 4 ) -in the solution reducing the homogeneous nucleation of TiO 2 in the LPD solution. The film formed in the weak alkaline environment shows better corrosion resistance than at other LPD conditions, while the average rest potential is the same as that of as-polished specimens. This low rest potential may be due to micro-cracks in the formed film and high activity of the magnesium substrate.
Introduction
Because global warming has recently attracted much attention, environmental consciousness has become higher worldwide, and increasing amounts of carbon dioxide (CO 2 ) in the air is one possible reason for the recent global warming. Large volumes of CO 2 are emitted by transport systems such as automobiles and airplanes, and reducing CO 2 emissions from transport systems is urgently required. Reducing the weight of vehicles etc. by using high strength to weight ratio compounds is an effective way to reduce CO 2 emissions.
Magnesium and its alloys are candidates for reducing the weight of automobiles and airplanes, but magnesium-based components have very low corrosion resistance in many environments [1] [2] [3] . Solving the corrosion problem is a key element to enable wider use of magnesium-based components. Therefore, much research has tried to increase corrosion films on magnesium by thermal sprays [6, 7] . Truong et al. and Kannan et al. reported corrosion resistant polymer films on magnesium [8, 9] . The corrosion problem of magnesium 4 still remains however, and an effective coating for corrosion protection is still needed.
Liquid phase deposition treatment (LPD) is a new surface coating technique, which can form metal oxide film by dipping the substrate in aqueous solutions [10] . This technique can be applied to form metal oxide films on many kinds of substrate. Deki et al. reported fabrication of TiO 2 nanostructures on silicon wafers with LPD and electron lithography [11] .
Lee et al. reported fabrication of photo catalytic TiO 2 films on stainless steel [12] . The present study attempts to form TiO 2 film on magnesium substrate. The possible chemical reactions are as follows [11, 12] . Equation (1) is the main reaction forming TiO 2 film, and it scavenges the F -and H + ions with (equation (2)), where boric acid (H 3 BO 3 ) is added in the solutions. When magnesium is dipped in F -ion containing solutions, magnesium fluoride (MgF 2 ) will form on the surface and reduce further magnesium dissolution [13] . Therefore, LPD can be applied in this manner to form TiO 2 film as a surface treatment to increase the corrosion resistance of magnesium. by LPD with an annealing treatment [14] . They reported that with increases in the annealing temperature and at longer annealing times, the corrosion resistance of AZ31 was improved.
However, the annealing treatment reduces the advantages of LPD to form oxide films simply on substrates. Therefore, when LPD is applied industrially to form protective oxide films on magnesium and its alloys, a process not involving annealing would be advantageous.
It is well known that magnesium is stable in alkaline solutions [15] . In alkaline (high pH) solutions, magnesium substrate will not dissolve during LPD treatment, and TiO 2 deposition on magnesium substrate may by more stable than LPD treatment in acidic (low pH) solutions.
However, there is no research reporting LPD with alkaline solutions on magnesium substrate.
Commonly, magnesium alloys such as AZ31 or AZ91 are used, but alloying elements may make it difficult to elucidate the formation kinetics and film structure with these alloys. Here, commercially available pure magnesium was used as the specimens. The purpose of this study is to investigate optimum LPD conditions without heat treatment for corrosion resistant TiO 2 film formation and to investigate the corrosion resistance properties of the formed TiO 2 films by immersion and electrochemical corrosion tests. 6 
Experimental

Specimens
Magnesium sheet (99 mass%, 25 mm×15 mm×3 mm) was used as specimens, before the LPD, specimens were mechanical ground by grinding machine (Struers Inc., A/S S5629) and SiC paper (#600, #1000 and #1500). Ground specimens were ultrasonically cleaned in ethanol (Kanto Chemical Co. Ltd., 99.5 mass%) for 600 s. The adhesion of the formed film was examined by scotch tape peeling tests. The scotch tape was adhered to the specimens at 5.0×10 4 N m -2 and peeled off vertical to the specimen. The surfaces before and after the adhesion tests were observed by SEM. It is critically important to inhibit excess nucleation of TiO 2 to be able to form a protective TiO 2 film on the magnesium substrate. Therefore, the Acid (without sucrose), L-base (with sucrose), and H-base (with sucrose) conditions were selected as the LPD conditions in the following experiments. These particles were anatase-type TiO 2 as examined by Raman spectroscopy [16] . The L-base specimen surface does not show large differences from the as-polished specimen, as observed by the OM image, however scratches formed by the grinding and appearing in the SEM image became indistinct. This result suggests that the surface of the specimen is covered with 11 a relatively thick oxide film. The surface morphology of the H-base specimens appears very similar to the as-polished specimens. indicating that H-base specimens also have a TiO 2 layer. In O 1s, the Acid specimen has a peak at 529.8 eV, while the L-base specimen has two peaks at 529.8 eV and 532.9 eV, here the H-base specimen has a peak at 532.9 eV. The peak at 529.8 eV corresponds to O 2-and the peak at 532.9 eV corresponds to OH - [17, 20, 21] . In the Mg 2p spectra, a peak at 50.2 eV is observed in the L-base and H-base specimens. This peak corresponds to Mg 2- [18] . In the F 1s spectra, all specimens have a peak at 685.6 eV. This peak corresponds to F - [18] . From these XPS spectra, the Acid specimen surface can be considered to be covered by TiO 2 and F -in the LPD solution adsorbs onto the surface of TiO 2 [22] . The L-base specimen surface is considered to be formed by TiO 2 , MgF 2 and Mg(OH) 2 , and the F -may have adsorbed onto the surface. The H-base specimen surface is considered to be formed by TiO 2 and Mg(OH) 2 .
Liquid phase deposition (LPD)
Results
There may also be MgF 2 and adsorbed F -on the H-base specimen surface. 2 and TiO 2 is present on the surface. 13 The thickness of the TiO 2 layer was thinner than that on the L-base specimen examined by RBS. The film on the H-base specimen also has an excess of Mg in the inner layer as examined by TEM-EDS. This is likely due to the signal of the magnesium substrate rather than any Mg in the surface film. 
LPD conditions and formed films
The pH and sucrose are very affective to change the formed oxide film composition and 17 structure. Fig. 12 [14] .
The L-base specimens showed high corrosion resistance due to the presence of the adhesive Mg(OH) 2 / TiO 2 layer on the magnesium surface as shown in Fig. 6 and Fig. 7 . However, the rest potential during the immersion corrosion test showed low potentials, between -1.6 V and -1.5 V. The film may contain micro-cracks and such micro-cracks would enable the NaCl solution to reach and corrode the magnesium substrate [29] . 19 The H-base specimens were heavily corroded, like the as-polished specimens, indicating that at high pH the LPD solution did not form a protective oxide film on the magnesium. The XPS and TEM-EDS analyses showed the presence of TiO 2 , however, this TiO 2 layer was not sufficient to prevent corrosion of the magnesium substrate. The formed Mg(OH) 2 / TiO 2 film does not protect the magnesium substrate in the presence of Cl -in the solutions.
Conclusions
This is a report of LPD (liquid phase deposition treatment) applied to form corrosion resistant TiO 2 film on commercially available pure magnesium and it also investigates the effect of LPD conditions on film structure and corrosion resistance. The following conclusions may be drawn. 2. The addition of sucrose to the LPD solutions makes it possible to reduce excess homogeneous nucleation of TiO 2 and increase heterogeneous nucleation on the magnesium substrate.
3. The film formed in the L-base condition shows better corrosion resistance than the films formed at other LPD conditions, while the average rest potential of the resulting specimens is the same as the as-polished specimens. This low rest potential may be due to micro-cracks in the film and the high activity of the magnesium substrate.
Caption list: Table 1 EDS analysis results of spots 1 to 6 in Fig. 5 (at. %). Fig. 1 Appearance of the LPD solutions with and without sucrose at 3.6 ks, 353 K.. 
